estimates of •Vs/•T and compositional effects previously used to predict shear velocity structure of the deep Kurile slab are in error, with actual lower mantle slab anomalies being much weaker than proposed; the Kurile slab is so distorted in the lower mantle that no source depth dependent trends are produced for our, limited focal sphere coverage; or the Kurile slab does not penetrate into the lower mantle.
INTRODUCTION
The fate of subducted oceanic lithosphere as it approaches the lower mantle is of great interest to the geophysical community. Penetration of this material below 670 km, the maximum depth of observed seismicity, would strongly favor models of mantle convection that involve circulation of material between the upper and lower mantle over models that require two separate, upper and lower mantle convective systems. Seismological data are providing the most detailed images of the velocity gradients and depth of penetration of subducted lithosphere. Jordan [1977] proposed that subducted slabs penetrate into the lower mantle based on shear wave travel time residuals from a deep focus earthquake in the Kurile slab. He found that a vertical slab with a 5% velocity contrast striking parallel to the arc and extending to 1000 km in depth was consistent with his travel time data. Creager and Jordan [1984, 1986] thermal models of subducting lithosphere extending to dep•S of at least 1000 kin. They observed systematic differences in P ,, wave travel time patterns between deep (> 500 kin) and intermediate depth earthquakes that were modeled by a change in dip of the slab from about 50' above 500 km to 70' below this depth. Perturbing the dip by as little as 5' from these optimal values significantly degraded the fit to their observed travel times. Although these P wave, and much more limited S wave, travel time data from the Kurile slab appear to be consistent with the presence of a tabular, fast slab extension below 670 km, the preferred models for dip of the slab differ by about 20' for the two data sets. Furthermore, the models depend strongly on several important assumptions made in the processing, particularly concerning the degree to which deep ß path and receiver effects have been removed.
Recently, the deep slab penetration interpretation of trav•t time residuals from deep focus events in the northwest Pacific has come into question. For deep earthquakes in the Marian•,
Izu-Bonin, Japan, and Kurile subduction zones, Zhou et al. [1990] show that much of the observed P wave travel time residual patterns, which had previously been attributed to the extension of subducted lithosphere beneath these deep events Jordan, 1984, 1986] , can be produced by diffuse heterogeneity in both the deep and near-receiver mantles.
Although Jordan [1984, 1986] correct their travel time data using lower mantle model L02.56 [Dziewonski, 1984] and globally averaged station statics, Zhou et al. [1990] suggest that this procedure may underestimate the strength of true mantle heterogeneity and they emphasize the need for empirically derived mantle corrections prior to interpretation of travel time residual patterns. Existing aspherical models are heavily damped and poorly resolved, making their use for path specific corrections questionable. From analysis of shear wave travel time residuals from deep focus earthquakes in the northwest Pacific, Gaherty et al.
[1991] also find that large scale velocity heterogeneity in the lower mantle formitously projects a slablike signature on shear wave travel times observed at stations along the dip direction of the Kurile slab. After application of empirically derived lower mantle corrections, they conclude that slab models substantially shorter and/or broader than those proposed by Creager and Jordan [1984, 1986] from P wave analysis are more consistent with their S wave observations.
In addition to travel time effects, S waveform complexity observed for paths along strike of the Kurile slab has also been attributed to interactions with a tabular high velocity nearsource anomaly at depths greater than 670 km. Silver and Chan [1986] analyzed broadband S wave recordings from two deep focus events and found systematic waveform differences between S and ScS arrivals at several stations, which they attributed to enhanced multipathing for the direct S phases caused by a lower mantle extension of the Kurile slab. This interpretation requires a steeper dipping slab than that indicated by the P waves, and has not been shown to quantitatively match the data, because multipathing alone probably cannot account for the degree of relative broadening of the S waves [Cormier and Kim, 1990] . Direct P waves at the same stations do not exhibit comparable relative broadening. Choy and Cormier [1986] provided an aRemate explanation of the relative broadening of S versus ScS as an effect of radial variation of frequency dependent attenuation in the lower mantle. While Silver and Chan [1986] examined waveforms only along strike of the Kurile slab, Beck and Lay [1986] extended broadband S wave analysis to include waveforms spanning a 100 ø azimuth range straddling the strike of the slab. Beck and Lay [1986] found that although the largest range in waveform complexity occurred along the strike of the slab, there was no simple correlation between waveform complexity and azimuth relative to the slab strike. Observations at stations located between those used by Silver and Chart [1986] showed no anomalous broadening of the S wave while some stations showed relatively broadened ScS pulses. These patterns remain unexplained.
Recent developments in two and three-dimensional wave propagation techniques are making the quantification of waveform effects due to propagation through high velocity slabs possible. Vidale [1987] has shown, using a twodimensional finite difference scheme, that in addition to fast travel times, raypaths with long trajectories along a high velocity slab should produce complex waveforms with reduced amplitudes and broadened tails. The travel time and amplitude effects arise from the slab acting as an anti-waveguide, defocussing energy passing through it. The broadened waveform results from slab diffraction; the longer period energy travels in the slower material surrounding the slab and thus arrives later than the higher frequency first arrival which travels mainly within the slab [Vidale, 1987] . Cormier [1989] has computed three-dimensional Gaussian beam synthetics for wave interactions with slab structures. His synthetics for simple slab models demonstrate that slab diffraction exists over a large azimuthal range in the down-dip direction of the slab but extinguishes rapidly (within 15-20') away from the strike of the slab in the direction opposite to the dip direction.
Cormier and Kim [1990] have used modified dynamic raytracing to predict geometric amplitude and travel time anomalies for various slab velocity models. While the correlation between predicted travel time and amplitude anomalies is complex, there are strong patterns in both anomalies which vary systematically with respect to the slab geometry. Suetsugu [1989] has attempted to establish P wave amplitude and travel time anomaly patterns for deep Kurile events with paths going downdip of the slab. He found decreased short-period P wave amplitudes for rays having long paths within the lower mantle high velocity zone that he located using travel time inversion. Based on the distance range that amplitude defocussing is observed, Suetsugu [1989] favors a slab model that maintains a constant dip of-50' between the depths of 250 km and 1200 km, with the maximum depth of slab penetration being constrained by the travel time inversion. Gaherty et al. [1991] have compared observed shear wave amplitude and travel time anomaly paRems for deep focus events with paths in the downdip direction of the Kurile and Japan slabs with predictions for several deep slab models. Although their amplitude residuals are more scattered than the travel times, their joint interpretation of amplitude and travel time behavior has allowed them to place some constraints on the velocity structure beneath these events. Tabular slab models with high S wave velocity contrasts tend to violate amplitude observations, while broadened slabs are acceptable. The data do display depth dependent trends consistent with the presence of a fairly strong slab anomaly above 670 km, but either a weak slab anomaly or no slab anomaly below 670 km is consistent with the data [Gaherty et al., 1991] .
It is well established that the presence of a high velocity slab in the source region should have predictable effects on the travel times, amplitudes and waveforms of raypaths encountering it. At present, very little has been done in the way of observational work on S wave amplitude and travel time patterns, despite the likelihood that slab effects will be more pronounced for S waves than P waves due to the expected stronger effect of temperature on the shear wave velocity. The poor quality of the ISC S wave travel time determinations impede the use of this catalogue in investigations of deep slab structure. Such studies require S wave travel times to be manually picked from individual seismograms. The immense effort required to collect, digitize, rotate and measure shear wave arrival time and amplitudes has prevented a complete focal sphere analysis of their travel time and amplitude anomaly patterns. However, in this paper, we analyze a substantial data set of such shear wave travel times, amplitudes and waveforms recorded in a 60' azimuthal range straddling the strike of the Kurile slab. We are particularly interested in evaluating whether or not the model for the Kurile slab derived from P wave travel time data Jordan, 1984, 1986] is consistent with our expanded set of shear wave observations. By examining travel times, amplitudes and waveforms together, we hope to produce more conclusive results than would be obtained through travel time analysis alone. Cormier [1989] suggests that slab diffraction may be a better explanation for the broadened waveforms. Gaussian beam synthetic S and ScS phases, which include the effect of slab diffraction,. computed for a realistic slab structure [Cormier, 1989] , indicate that both S and ScS phases will be affected by the high velocity slab at azimuths oblique to the dip direction. Silver and Chan [1986] parameterized the S wave broadening by referencing it relative to S cS, which they assumed to be relatively unaffected by the slab. However, the relative broadening of the S wave with respect to ScS is strongly dependent on the details of the slab geometry Analysis of many events in the same azimuth and distance range but outside the Kurile slab would .be necessary to eliminate this potential tradeoff, but such a massive undertaking is beyond the scope of this paper. For the present study, the rationale for applying these additional empirical path corrections is provided by the fact that we are searching for the strong depth dependent changes in this portion of the focal sphere indicated by the P waves [Creager and Jordan, 1984] . We do have one procedure foi testing whether these anomalies are truly near the receivers. We compare our total The strong similarity in the travel time residual patterns for events in three different depth ranges after the first two stages of processing, and the lack of any coherent pattern after the third stage of processing, implies that the heterogeneity causing these pauerns is common to all events within the slab and is therefore probably distant from the source region. Lay [1983] suggested that this may be the case on the basis of similarity in ScS-S differential residual patterns for shallow and deep events. Creager and Jordan [1984] were convinced that this is not the case for P waves when they observed systematic changes in P wave residuals with depth. We emphasize that our results only apply to S waves.
From seismicity we know that the Kurile slab extends to a depth near 670 km and therefore should provide a signature in the travel time residual patterns from at least the shallowest events. Another approach to removing common receiver and deep mantle trends from the data is to compute differential residual spheres between different depth ranges. The differenced travel time residual pattern should reflect velocity heterogeneity associated with the subducting slab. The differential residual sphere computed for the averaged deep and shallow event patterns (Figure 13 ) is complicated and difficult to interpret due to possible combined effects of slab structure and earthquake mislocation. There is some indication of a weak ray parameter trend in the differenced pattern, which could be a relative depth error effect. The overall pattern is much weaker than the raw residuals, suggesting relatively uniform slab contributions over the depth range. Together with the estimate of a maximum 1-2 s total common near-source term, we have the provocative inference that shear velocity anomalies of the Kurile slab are quite small, much less than the 5-10% anomalies commonly introduced in modeling efforts to produce strong diffractions and multipathing. It is possible that thermal, compositional, and phase change effects compete, resulting in weak overall anomalies in the slab. Detailed modeling of differenced shear wave travel time residuals, coveting the entire focal sphere, is required to fully understand near-source structure. Such efforts are presently under way. Preliminary analysis of travel time residuals for the surface reflected phases sS and sScS support our interpretation that much of the observed shear wave travel time residual patterns can be attributed to near-receiver heterogeneity. Figure 14a shows station corrections computed using sS and sScS travel times measured by Young and for seven of the Kurile events listed in Table 1 . These station corrections strongly resemble the corrections derived in the same manner using the travel time residuals of the phases S and ScS. Comparison of station corrections computed using upgoing and downgoing phases yields a correlation coefficient of r=0.9
Layer 11 2630-2891 km Fig. 11 . Map of long-wavelength S velocity anomalies in the D" region determined by Tanimoto [ 1990] . The shaded regions are faster than PREM, and the contour interval is 0.5%. (Figure 14b ), which indicates a common origin. Although upgoing phases may encounter the slab after surface reflection for paths along the strike direction, they will not spend as much time in it as their downgoing counterparts. The raypaths of upgoing and downgoing rays near the receivers are very similar and heterogeneity in this region is most likely responsible for their common travel time patterns. Thus, we again have strong empirical evidence for deep path and receiver contributions to the S wave travel time patterns. Next we examine the amplitude variations in the observed S and ScS waveforms to ascertain if they vary systematically with respect to the slab orientation and to see if they correlate with the observed travel time patterns.
S and ScS Amplitude Patterns
Since amplitudes are proportional to the second spatial derivative of velocity structure transverse to the raypath, we can anticipate that the distant velocity heterogeneities which appear to dominate the travel time patterns will have a complex effect on the amplitude data. If the heterogeneities are large scale, amplitude and travel time anomalies can be poorly correlated or decoupled. On the other hand, strong localized gradients near the source should produce fairly high correlations and systematic patterns [Cormier and Kim, 1990] . Unlike the travel time data, no published receiver terms are available to apply as first-order corrections to the amplitude data. We have computed our own amplitude receiver corrections in a manner similar to that described for the empirically derived travel time station corrections. These amplitude corrections (Figure 15 [Veith, 1974] . The geometry of the northern Kurile slab should produce differences between S wave travel time residual patterns from sources located in the shallowly and more steeply dipping portions of the slab, as has been observed in P wave travel time residuals from this region [Creager and Jordan, 1984] . Based only on seismicity, we might not expect this change to occur in the central and southern portions of the slab. In this paper we evaluate the consistency of our data with the model for the Kurile slab derived from P wave travel time data. Thus, the absence of a clear source depth dependence on the S wave travel time residual patterns presented here is somewhat surprising. As mentioned previously, if S wave mislocation is substantially greater than the P wave mislocation, S and P wave residual travel time patterns may differ somewhat from one another. Predicted S wave travel time residuals for deep and intermediate depth events in the Kurile Arc, using relocated P wave residuals calculated for the slab model of Creager and Jordan [1984] and some reasonable assumptions about P to S scaling, indicate that theoretical S and P wave residual travel time patterns for shallow events may be expected to differ slightly from one another (K. Creager, personal communication, 1991). However, our observed S wave residual patterns do not strongly resemble those derived from P waves, suggesting that S wave mislocation may not greatly exceed P wave ntislocation and that differences between our observations and those of Creager and Jordan [1984] must be attributed to other factors.
We have argued that strong shear wave heterogeneity in both the upper mantle beneath North America and in the deepest mantle (D") beneath Alaska dominates any near source contribution to the shear wave travel time patterns. Comparable P wave heterogeneity has also been suggested as contaminating the compressional wave travel time residual patterns [Zhou et al., 1990] .
Improved global threedimensional velocity models are necessary to correct travel time data for propagation effects before shear wave residual patterns can be confidently interpreted in terms of near source velocity heterogeneity. Other explanations for the inconsistency between the observed S and P wave travel time patterns seem less plausible but a few are briefly considered here.
1. Seismic anisotropy: P wave anisotropy is expected to be stronger than S wave anisotropy at shallow depths in oceanic lithosphere where olivine and orthopyroxene are stable [Christensen and Salisbury, 1979] . Little is known about P and S wave anisotropy below this depth and it is conceivable that differences in the magnitude and/or orientation of P and S wave anisotropy might produce differences in their travel time patterns that vary with depth.
2. Differences in data processing' The processing of the P wave travel time data Jordan, 1984, 1986 ] is very different from the methods used in this S wave analysis.
However, the Kurile slab model derived from S wave travel time data [Jordan, 1977] processed in a similar manner to the P wave data has a substantially steeper dip below 500 km than is bestfit by the P wave data [Creager and Jordan, 1984] . This discrepancy indicates that factors other then differences in data processing are responsible for inconsistencies in the S and P wave travel time data. We suggest that this is primarily the result of path anomalies well removed from the source region which were incompletely removed by Jordan's [1977] processing. There may be a complex relationship between P and S corrections, thus empirical approaches appear to be needed at present. Our analysis of shear wave travel times, amplitudes and waveforms along strike of the Kurile Arc to search for the effects of a deep slab extension has revealed the following: waveform complexity for broadband S waves is not systematically organized with respect to postulated deep slab structure; S wave travel time residuals for Kurile events spanning source depths between 100 and 600 km show similar patterns across North America, independent of their source depth; a combination of deep mantle and near-receiver structure can explain much of the S wave travel time patterns; S and ScS amplitude and travel time patterns are not well correlated; however, ScS/S amplitude ratios and ScS-S differential travel times show a rather high positive correlation. All of these conclusions strongly indicate that slab heterogeneity is less pronounced for S waves than expected assuming slab geometries derived from previous P wave studies. Clearly if slab velocity anomalies associated with lower mantle slab extensions are small and diffuse, seismological techniques will be hard pressed to demonstrate the extent of slab penetration. This study supports several recent analyses of P waves that indicate near-source and lower mantle slab heterogeneity may have been over predicted by earlier residual sphere analyses. Additional work, with independently constrained path corrections, is required before a definitive resolution of the depth of slab penetration will be achieved.
